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(+)-a-pinene \

OH
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(a) o-pinene (b) B-pinene

1.0
=== g-pinene + OH
0.8 .
== 3-pinene + OH
© 0.6 === HO-terpene-
Q === HO-terpene-00-
> 0.4 Ring Open A = 1
g Open AE,,,,, =100 cm
0.2 === Ring Open AE,,,, = 200 cm!
=== Ring Open AE,,,,, = 300 cm
0.0
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1,5-H shift rate constants (s)

®B97X-D/6-311++G**

® B97X-D/aug-cc-pVTZ

MO062x/aug-cc-pVTZ

CCSD(T)-F12a

a.-pinene 2.3 3.1 11.9 1.1°
B-pinene 2.7 4.7 14.9 1.4°
limonene 6.4 7.8 15.8 4.0°

6-exo-cyclization rate constants (s)

®B97X-D/6-311++G**

®B97X-D/aug-cc-pVTZ

MO062x/aug-cc-pVTZ

CCSD(T)-F12a

a-pinene 0.24 0.08 0.31 0.35°
B-pinene 6.1 1.8 2.2 4.0°
limonene 7.1 1.5 1.8 3.9IO




a-pinene (OH LoH LOH
R B +
. i 0 1,7-H shlft Hoo Hoo
autoxidation

OOH OOH 00’ (elo}
step 1 3R-OH, 6R-RO,, 800H  3R-OH, 65-RO,, 80O0OH *3R-OH, 6R-O0H, 8RO, 3R-OH, 65-O0H, 8RO,
X 00’ . JOOH
Oi\\..OH WOH WwOH
1,5-H shift, O, + —
1,9-H shift
st OOH OOH 00’
1% gen. RO; 2R- ROZ, 3R-OH, 800H  25-RO,, 3R-OH, 8OOH *2R-OOH, 3R-OH, 8RO,
‘00, OH Hoo.,, OH HOO, OH
+
initiation — +
o oo 1,8-H shift e e
1,6-H shlft o, 30H, 75-R0O,, 8O0OH 30H, 7R-R0O,, 80O0H *30H, 75-00H, 8RO, 30H, 7R-0O0H, 8RO,
\ o)
3R OH 8RO2
OH' 02 OOH
(+)-a-pinene Exo cyclization, O, 3 ketone, 800H
., QO [ele}
A oH {__OH
S0 )
ZS RO,, 3R-OH, 7008 ring 2R-RO,, 3R-OH, 7008 ring
OH OH OH OH

(e}
o
I

— |
3S- OH 8R0 ‘00" + ‘00 1,7-H shift HOO™ + HOO!
OOH 00" [ole}
Yield RO; = 10.6% 35-OH, 6R-RO,, 8O0H  3S-OH, 6S-RO,, 800H 35-OH, 6R-O0H, 8RO,  3S-OH, 65-O0H, 8RO,
% \\500' s, OOH
+ —
1,9-H shift
OOH OOH (e]e)
2R-RO,, 35-OH, 8O0H  2S-RO,, 35-OH, 800H 2R-OO0H, 35-OH, 8RO,

., Q0 00’
OH 2\“:\(0}4

O,

O\A +




o-pinene

2"d gen. RO;

~OH

autoxidation HOO™
step 2
oo’

3R-OH, 6R-O0OH, 8RO,

1,5-H shift, O, 1,6-H shift, O, Exo cyclization, O,
3rd gen. RO, / \ \

OOH
3R-OH, 6 ketone,

2R02 3R-OH,
6R-O0H, 7008 ring

S8OOH OOH OOH
3 ketone, 6R-O0H, 3R-OH, 6R-O0H,
800OH 7R02, 8OOH

oo’

OOH
2R-OO0H, 3 ketone, 2R-O0H, 3R-OH,
80OOH 6008 ring, 7RO2

Yield RO, (HOM) = 4.6%
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30H, 4R0O2 3008 ring, 75-O0OH

75-O0OH, 8OOH OOH OCH
2R0O2, 30H, 30H, 7 ketone,

75-O0H, 800H 80O0OH



B-pinene

2nd gen. RO,

autoxidation > > > >
step 1 w + ‘ ——— +
00 00 1,7'H shift HOO HOO
OOH OOH oo’ 00’
10H, 6R-RO,, 800H  10H, 65-RO,, 800H *10H, 6R-O0H, 8RO, 10H, 6S-O0H, 8RO,
e ere s 1,5-H shift, O, HO—, 00" HO—y O0° HO—, OOH
initiation
+ ——
OOH OOH foo
10H, 25-RO,, 800H  10H, 2R-RO,, 800H *10H, 25-O0H, 8RO, Further at
OH OH OH OH — Yield R(
00" eley OOH
— > + —
, OH, O, 1,6-H shift, 0, 1,8-H shift
(+)-B-pinene ' I~
00 OOH [e]e)
10H, 35-R0,, 800H  10H, 3R-RO,, 8O0H 10H, 35-00H, 8RO,
10H, 8RO, OH OH OH OH
Yield RO; = 11.6% 00.,, 00 Hoo.,, HOO
+ — +
1,8-H shift
Exo cyclization, O, don Son Sor S
10H, 75-RO2, 800H  10H, 7R-RO2, 800H *10H, 75-O0H, 8RO, 10H, 7R-OOH, 8RO,

HO—., 00’ HO

.

10H, 2R-R0O,, 7008 ring 10H, 25-R0O,, 7008 ring



B-pinene

2"d gen. RO;  on

autoxidation HOO™
step 2
oo’

10H, 6R-OOH, 8RO,
1,5-H shift, O, 1,6-H shift, O, Exo cyclization, O,

3rd gen. RO, / \
OH
OH

OH HO (o]0}
00" *00 @
0 aw
| HOO'
HOO™ HOO™ 10H, 2R02,
10H, 6?(2;:-|one, 6R-O0OH, 7008 ring
800H OOH OOH

10H, 3RO2, 10H, 6R-O0H,
6R-OOH, 8O0OH 7R02, 80O0OH

0o’

10H, 25-O0H, 8RO,

10H, 2R-O0H,
6008 ring, 7R02

OH

HOO,@

oo}

10H, 7S-O0H, 8RO,

N

OH
OH HO [e]o)
HOO.,, HO 00’ HOO.,
HoO.,, o] K
00"
10H, 2R0O2,
OOH .
10H, 4RO2 3008 ring, 75-O0H
75-O0H, 8O0OH OOH OOCH

10H, 2RO2, 10H, 7 ketone,
75-O0H, 800H 800H

Yield RO, (HOM) = 3.8%



limonene 2nd gen. RO,
o + — | +
00" ‘00 :
. . 1,7-H shift HOO
autoxidation HO .« HOL_ .« ’ Ho_ .
step 1 OOH OOH 00’ 00’
6R-RO,, 8R-OOH, 90H 6S-RO,, 8R-OOH, 90H *6R-OOH, 8R-RO,, 90H 6S-OOH, 8R-RO,, 90H
., PO [olo) OOH
1,5-H shift, O, + —
1,9-H shift
HO\ HO\..‘\\\“
1st gen. R03 OOH OOH 00’
25-RO,, 8R-O0H, 90H  2R-RO,, 8R-OOH, 90H *2S-O0H, 8R-RO,, 90H
° o ° ° — + —
initiation . .
1I6-H Shlftl 02 1,8'H Shlft
Ho\‘.\\\“\
o]0} OOH OOH
8R-RO,, 90H 3R-RO,, 8R-OOH, 90H 3S-RO,, 8R-OOH, 90H

‘00

1,8-H shift

HO

N

e

Exo cyclization, O,

; ~ OoH OOH
(+)-limonene 75-RO2, 8R-OOH, 90H 7R-RO2, 8R-OOH, 90H

25-R0O,, 7008 ring, 90H 2R-RO,, 7008 ring, 90H

/
N

o0
85-RO,, 90H

Yield RO, = 24.8%

/|

Same products as above but with
stereochemistry switched to S at site 8
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Yie



limonene

2"d gen. RO;

HOO.,,

autoxidation HOO™

step 2 HOL
oo’

6R-OOH, 8R-RO,, 90H

1,5-H shift, O, 1,6-H shift, O, Exo cyclization, O,
3rd gen. RO, / \ \
00°

[e]e)
OOH Hoo.,, @
HOO““\\\\
2R02, 65-O0H, 25 OOH. 6008 r 2R02, 3008 ring,
H - ’ ring,
6 ketone, 7008 ring, 90H 7R02’ 90H 4R02, 7S'OOH, . 7S'OOH, 90H
8R-OOH, 90H 8R-OOH, 90H OOH
3R02, 6R-O0H, 6S-OO0H, 7R02, 2R02, 75-00H, 7 ketone,
8R-OOH, 90H  8R-OOH, 90H 8R-O0H, 90H 8R-OOH, 90H

Yield RO, (HOM) = 7.6%



Reaction

Type

AG* (kcal/mol)

kcalc (s-l)

a-pinene 2nd step autoxidation reactions

OH o “00. OH
o —_— o and o
1 . HOO HoO™ HOO™
00"

OOH OOH

3R-OH, 6R-OOH, 8RO, 3 ketone, 6R-O0H, 800H 3R-OH, 6R-O0H, 7R0O,, 800H

1,6-H shift

18.8

2.7E+01

5 OOH
A .om -, QOH
2 | oo A OH
\\
. >
[ele

2R-O0H, 3R-OH, 8RO, 2R-OOH, 3R-OH, 6008 ring, 7R02

5-exo cyc.

15.7

2.0E+01

wOH 00’
WOH
3 . oo™ — \
Hoo™
00

3R-OH, 6R-O0H, 8RO, 2R0,, 3R-OH, 6R-O0H, 7008 ring

6-exo cyc.

15.9

1.4E+01

B-pinene 2nd step autoxidation reactions

OH
HO 00"
4 . oo™ E—
Hoo™"

00"
10H, 6R-O0H, 8RO, 10H, 2R0,, 6R-O0H, 7008 ring

6-exo cyc.

14.6

1.2E+02

OH OH
Hoo.,, o
5. Sé —
00’ OOH

10H, 75-00H, 8RO, 10H, 7 ketone, 800H

1,6-H shift

20.1

3.3E+01

HO—, OOH
% HO—, OOH

00"
10H, 25-00H, 8RO, 10H, 2R-O0H, 6008 ring, 7RO,

5-exo cyc.

15.8

1.7E+01

limonene 2nd step autoxidation reactions

[ele) OOH

6R-O0H, 8R-R0O,, 90H 6 ketone, 8R-OOH, 90H

1,5-H shift

20.2

1.3E+01

00
—_—
o
> HOO"
[e]e)

6R-O0H, 8R-RO, 90H 2RO,, 65-0O0H, 7008 ring, 90H

6-exo cyc.

16.1

9.7E+00

., POH

g 5, OOH
“00. %

— ®

25-0O0H, 8R-RO,, 90H  25-O0H, 6008 ring, 7R0,, 90H

5-exo cyc.

16.2

7.9E+00




RO, yield
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o-pinene B-pinene limonene




equatorial-like axial-like

o-pinene
(2R-OOH,3R-0OH,8R0,)

>
AG = 2.1 kcal/mol

B-pinene
(10H,2S-O0H,8R0,)

>
AG = 2.9 kcal/mol

limonene
(25-O0OH,8R-R0O,,90H)

>
AG = 2.5 kcal/mol




TOC Graphic

OH initiated atmospheric autoxidation:

propagation propagation
step 1: step 2:

monoterpene
RO, radical RO, radical
rate~4s? rate 210s™

RO, radical




